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ABSTRACT 

The Utah Limited Area Model is integrated over a period of approximately 2 weeks 

during the summer floods that occurred in 1993 over the Upper Mississippi River Basin. 

The central goal is to determine the sensitivity of the simulated precipitation pattern to the 

method of specifying the upper and lateral boundary conditions. Three different upper 

boundary conditions are tested. The first does not allow feedback from the local model 

upon the pressure field at the model top. The second includes a modification of this field 

suggested by Klemp and Durran (1983) to allow vertical propagation of gravity waves 

through the model top. The third tested upper boundary condition specifies a pressure 

modification designed to eliminate w at the model top, as proposed by Innocentini et al. 

(1993). Model forecasts using the first two boundary conditions overpredict rainfall over 

Iowa, whereas the third simulation underpredicts the rainfall here and in most other 

regions. All simulations are poor with regard to heavy rain that was underpredicted 

southwest of Iowa where the NCEP reanalysis rainfall is relatively superior. Some of the 

limited area simulations are relatively better in the southeast portion of the country, where 

they provide more realistic rainfall structure than does the NCEP reanalysis. The limited 

area model predictions are also rather sensitive to the model used for boundary conditions. 

Boundary conditions interpolated from NGM model analyses and 6-h forecasts produce 

significantly more realistic regional Utah Limited Area Model simulations than boundary 

conditions interpolated from the NCEP reanalysis. There is relatively less sensitivity to the 

spectral relaxation of limited area forecasts to outer model results, although this did 

generate rainfall in some regions that were excessively dry. One experiment modifying the 

treatment of water vapor and relaxing the condition for condensation from 100% to 95% 



relative humidity suggests that the relative influences of the water vapor treatment are about 

as large as those associated with boundary conditions. The experiments are generally in 

agreement with earlier simulations regarding the dominant role of atmospheric moisture 

transport for the 1993 summer floods. 
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CHAPTER 1 

INTRODUCTION 

The sources of limited area model (LAM) predictive errors have been studied and 

prioritized by many previous investigators. The role of lateral boundary conditions has 

been given special emphasis in a series of recent studies using the Utah LAM and variable 

resolution models. Paegle and Vukicevic (1987) performed real-data experiments over 

Europe with the Utah LAM and found that the method of lateral boundary conditions 

specification was much more important than both random perturbations and substantial 

analysis differences of the initial state within the LAM. 

Vukicevic and Paegle (1989) demonstrated relatively small roles for initial analysis 

uncertainty relative to boundary uncertainty in bounded, barotropic versions of the Utah 

variable resolution model in all cases that used domain size smaller than about 6000 km. 

Vukicevic (1989) and Vukicevic and Errico (1990) reached a similar conclusion using the 

MM4, which is an advanced, multilevel primitive equation LAM developed at Pennsylvania 

State University and the National Center for Atmospheric Research. 

Yang (1992) and Paegle et al (1996) demonstrate that global-scale changes of the 

initial state are more critical to regional forecasts than are regional uncertainties of the initial 

state. The result is consistent with Thompson's (1957) and Lorenz's (1969) conclusion 

that slight initial uncertainties of the large-scale advecting wind field are more important 

error sources for subsequent smaller scale error evolution than are slight initial errors of the 

smaller scales themselves. 
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Waldron (1994) and Waldron et al. (1996) find that very short-range LAM 

forecasts (0-12 h) over domains on the order of 1000 km have a sensitivity to current outer 

model uncertainty that approximately matches the value added by the higher LAM 

resolution. The large sensitivity of the inner LAM forecasts to boundary conditions 

supplied by the outer model led Waldron et al. (1996) to more detailed investigations of 

optimal methods to impose outer model guidance within the LAM domain through 

relaxation of larger inner scales of the LAM toward states predicted by the outer model. 

The relaxation is done in spectral space and therefore permits outer model solutions 

to affect the entire LAM forecast domain, rather than just in a thin region adjacent to the 

lateral boundaries (e.g., Davies nudging, 1976) as done in most other LAM studies. The 

justification for the approach is based upon the hypothesis that the larger inner scales of a 

LAM may be more accurately predicted by a global model than by a LAM which allows 

larger-scale advective influences to occur only through the lateral boundaries. 

Unfortunately, that study was unable to verify or repudiate this hypothesis in the single 

studied case. 

A number of investigations of methods to implement lateral boundary conditions 

have been performed (e.g., Wurtele et al. 1971; Davies 1976; Perkey and Kreitzberg 1976; 

Waldron et al. 1996; and others). Relatively less attention has been paid to the specification 

of LAM upper boundary conditions. This may in part be because many past LAMs have 

been written in sigma coordinates founded upon pressure. Such an approach requires 

vertical integration of the continuity equation downward from a specified upper boundary 

value of vertical motion to obtain vertical motion at lower levels. A natural assumption is 

that the vertical motion is zero at the model top, because this is usually consistent with the 

boundary condition used by the global model or analysis that provides the initial and 

boundary state to the LAM. 

The Utah LAM is founded upon terrain following coordinates based on height 

rather than pressure. This approach requires specification of perturbation pressure rather 
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than vertical motion at the model top (Ciliberti 1996, unpublished master's thesis draft). 

The analogue of the approach in pressure-based sigma coordinates would be to set the 

perturbation pressure equal to zero at the model top. Unlike the zero vertical motion 

specified at the upper boundary in pressure based sigma coordinates, this condition does 

not close the domain to vertical transports through the upper boundary. 

Other boundary conditions for the model top have also been proposed. Klemp and 

Durran (1983) recommended specification of a pressure perturbation that would minimize 

reflection of upwardly propagating gravity waves at the model top and thereby reduce 

distortion of the gravity wave spectrum below that level. Ross and Orlanski (1981) and 

Innocentini et al. (1993) proposed upper boundary conditions that would close the domain 

vertically through imposition of zero vertical velocity at the model top. 

Recently, Ciliberti (1996, unpublished master's thesis draft) adapted this type of 

boundary condition for the Utah LAM. She also demonstrated that this upper boundary 

condition filters out the most rapidly propagating gravity waves allowed by other upper 

boundary conditions and therefore allows larger model time steps and more efficient 

integrations. Paegle et al (1996) used a version of the Utah LAM that employs internal 

spectral relaxation and closed upper boundary conditions in a two-week simulation of the 

1993 Mississippi River Basin floods of summer 1993. 

The goal of the present thesis is to explore the sensitivity of the Utah LAM forecasts 

to the way that the lateral and upper boundary conditions are applied. The approach is 

different from most past studies of LAM boundary specification because it is founded upon 

a medium-range simulation using real data. Many other studies of boundary conditions 

have used idealized cases, or short-term (a few days or less) predictions. The principal 

benefits of the medium-range simulation is that boundary conditions should permeate the 

entire LAM domain on these time scales, and the verification would include a number of 

events rather than just a single short case study. 
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Chapter 2 presents a summary of the equations and numerical methods used by the 

Utah LAM. Chapter 3 describes the selected period of study. This period covers 13 days 

from 27 June to 9 July 1993, and the domain of interest is centered on the Mississippi 

River Basin. The interval includes several heavy rainfall events, which are illustrated by 

station precipitation summaries, objective analyses of these data, and reanalyses of 

precipitation as given by the Reanalysis Project at the National Centers for Environmental 

Prediction (NCEP, Kalnay et al. 1996). Strong nocturnal low-level jets characterized this 

period, and rainfall tended to be especially heavy at night as summarized in Chapter 3. 

The Utah LAM is initialized and bounded with NCEP analyses and forecasts 

imposed at the model boundaries in different ways in order to study model forecast 

sensitivity to specification of upper and lateral boundaries. Chapter 4 outlines the 

background analysis leading to the p' = 0 upper boundary condition, the Klemp-Durran 

(1983) upper boundary condition, and the Innocentini et al. (1993) closed upper boundary 

condition. Precipitation and low-level jet simulations produced by the Utah LAM using 

each of these upper boundary conditions are also presented. 

Chapter 5 explores the sensitivity of the Utah LAM rainfall simulations to the type 

of boundary data and the effect of spectral nudging upon the resulting simulations. Chapter 

6 describes water budgets, and conclusions are summarized in Chapter 7. 



CHAPTER 2 

MODEL DESCRIPTION 

The earliest version of the Utah LAM is described, by Paegle and McLawhorn 

(1983). Various enhancements have been examined and implemented over the years, many 

of these are discussed by Waldron (1994). Of particular interest is the choice of upper 

boundary condition, the type of lateral boundary condition and its application method, and 

several precipitation processes. This chapter will highlight the model equations, overview 

model physics and parameters, and discuss boundary condition specifications. 

Model Equations 

The most recent summaries of the Utah LAM are provided by Paegle et al. (1996) 

and Waldron et al. (1996). The following summarizes those descriptions. 

The model is based upon the following hydrostatic, anelastic set of equations using 

a terrain following height coordinate: 

du        u     du    v du        du     r     uv       , 
— + — + ——+ vv—■- fv tan0 
at     rcos(j) dA,     r d<p        dz r 

1       dp'    p'     g     dZT 

p/cos0 dX    ps rcos0 dX 
+ FU, (2.1) 



dv        u     dv    v dv       dv u — + + \-w— + fu tanp 
dt    rcosty dX    r d(j>       dz r 

__ 1   dp'    p' gdZT | F ^ 
psr d(t>    ps r d<p 

(2.2) 

de     u   de   v de ,   de   _, ^ „ — + —; + + w—- = Fe +H, 
dt     rcos0 dX    r d(f>        dz 

(2.3) 

dz 
= -p g, (2.4) 

d{psw) _ 
dz 

1     djpju) } 1 d(psvcos (/)) 
rcos(p    dX       r        d(j) 

(2.5) 

p' = psRT' + p'RTs+p'RT'. (2.6) 

Here u, v, and w are the zonal, meridional, and vertical wind components, 

respectively. The atmosphere density (p = ps +p') and pressure (p = ps + p') have been 

decomposed into basic state (subscript s) and deviations (primes) as described by Paegle 

and McLawhorn (1983), g represents the gravitational acceleration, ZT the terrain height, 

/ is the Coriolis parameter, and 0 potential temperature, where 

e = T (2.7) 

Here P0 is reference pressure (1013.25 mb), R is the atmospheric gas constant, 

C  is the specific heat of dry air at constant pressure, and t, X, <j), and z are time, 
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longitude, latitude, and height, respectively, while H in (2.3) represents heating.   The 

friction terms Fu,   Fv, and conduction Fe are expressed as 

F.=Vh(KhVu) + — 
(Kdu\ (2.8) 

with similar forms for Fv and Fe (only the deviation, 0', is diffused horizontally in the 

expression for Fe, in the thermodynamic equation 2.3). Island Kz are the horizontal and 

vertical turbulence conductivities, and VA is the horizontal gradient operator. The 

horizontal diffusion coefficient, Kh, is defined as 

Kh = a(ASf 
du    dvY    (du    dv} 
dx    dy)     \dy    dx 

(2.9) 

where AS is the grid interval and a is a constant (a=0.36 except when specified 

otherwise). The definition of vertical diffusion coefficient Kz follows Yamada and Bunker 

(1989) (see Waldron 1994). The equation governing specific humidity q is 

dt    rcos0 dX    r d(j)       az 
(2.10) 

where F represents turbulent diffusion, P is condensation rate, and Ea is the evaporation 

rate in the atmosphere. 



Model Overview 

Table 2.1 summarizes the model overview provided below. The Utah LAM 

predicts turbulent kinetic energy and retains solar and longwave radiative heating of the 

atmosphere and surface, including cloud radiation interactions. Turbulence 

parameterization is detailed by Waldron (1994) and is based on the method used by 

Yamada and Bunker (1989). The amount of solar radiation reaching the surface is 

computed at each grid point, based on the time of day, day of year, latitude, and longitude, 

with an albedo of 0.3. Solar radiation also includes parameterizations for clear air 

scattering according to Kondratyev (1969) and attenuation due to clouds from no more than 

four cloud layers (high, middle, low, and surface) adapted from the Norwegian Model 

Table 2.1   Utah Lam Overview 

Domain 
25°N to 57°N 
78°Wtoll0°W 

Resolution 0.5° x 0.5° 

Topography Resolution 0.5° x 0.5° 

Grid 65 x 65 points, non-staggered 

Vertical Levels 17 atmospheric: 
surface, 1, 10, 100, 300, 500, 1000, 2000, 
3000, 4000, 5500, 7000, 8500, 10 000, 
11 500, 13 000, 14 500 (meters). 

5 soil: 
surface, 0.05, 0.1, 0.15, 0.2 (meters). 

Vertical Coordinate terrain following, height based 

Precipitation 
convective: convective adjustment 

parametrization 

stable: grid box RH > 100% 

sub-cloud evaporation: yes 

Turbulence Parameterization Yamada and Bunker (1989) 

Albedo 0.3 
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(Nordeng 1986). The longwave radiation budget, composed of fluxes from the 

atmosphere and the surface (both upward and downward), includes interactions with water 

vapor (Welch 1976) and carbon dioxide (Nordeng 1986). Solar radiation calculations are 

performed every time step; however, longwave fluxes are computed only once each hour, 

thus reducing computer time. This has been shown to be adequate for simulation of the 

boundary layer diurnal oscillation (Nicolini et al. 1993). 

The prognostic equations are solved by finite difference quotient approximation in 

the horizontal and finite element method in the vertical. The model's terrain following 

coordinate has variable resolution, with higher resolution in the boundary layer. There are 

17 vertical levels, one at the surface, and the remaining levels are at 1, 10, 100, 300, 500, 

1000, 2000, 3000, 4000, 5500, 7000, 8500, 10 000, 11 500, 13 000, and 14 500 m 

above the surface. Soil temperature is also forecast on five equally spaced levels down to 

0.2 m below the surface. The atmosphere and soil are coupled with a heat balance 

condition at the soil-atmosphere interface: 

CapaKz^-CspsKs^ + Gr-Fn-pwLvE = 0, (2.11) 

where pa, ps, and pw are air, soil, and water density, respectively, Ca and Cs are 

atmosphere and soil heat capacity, and Ks is soil conductivity. Gr is solar radiation and Fn 

is longwave radiation (considered positive for downward and upward flux, respectively), 

E is surface evaporation rate, and Lv is latent heat of vaporization. Table 2 of Paegle and 

McLawhorn (1983) provides values for the soil parameters ps, Cs, Ks and roughness 

height. 

Land and water surfaces are distinguished by their roughness height, specific heat, 

density, and conductivity. The conductivity of water is several orders of magnitude larger 

than that for soil. Surface evaporation is specified over land and water using estimates for 
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June 1993 obtained from the NCEP operational global analysis. There is no surface 

evaporation over land at night (e.g., Figure 11 of Sellers 1987). Over the ocean, the lower 

boundary condition on the specific humidity specifies q = qs (saturation value). 

Convective and stable precipitation parameterizations are based on the National 

Center for Atmospheric Research (NCAR) Community Climate Model, CCM1 (Williamson 

et al. 1987). The convective parameterization engages in regions where two or more 

adjacent levels are supersaturated and the lapse rate is greater than the saturated adiabatic 

lapse rate. Once these regions are found, the convective adjustment relaxes the 

supersaturated atmosphere toward the moist adiabat, while preserving total moist energy. 

The explicit stable precipitation scheme reduces the model's specific humidity and increases 

its temperature at points that are supersaturated with stable stratification. Water in liquid 

and ice phase is not seperately retained in the model. Evaporation of falling precipitation is 

allowed below cloud base until liquid disappears or relative humidity falls below 100%. 

The horizontal latitude-longitude grid contains 65x65 points, spaced 0.5° in latitude 

by 0.5° in longitude with the southwest corner of the domain at 25°N, 110°W. Figure 2.1 

shows the location of the gridpoints within the domain and Figure 2.2 shows the model 

topography. Variables forecast by the Utah LAM are carried on a nonstaggered grid. This 

has been shown to cause computational modes in space, and the common solution is to 

employ a staggered grid. The computational modes are observed to have wavelengths 

between two and four grid intervals, and these scales are removed with a Fourier filter 

applied at each time step. This is accomplished by calculating the deviation of the LAM 

predicted fields from the outer model forecast. Resulting fields are zero on the LAM 

boundaries, where values from the outer model are imposed. These periodic fields are 

projected onto Fourier series that are filtered as described by Waldron et al. (1996). 
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Figure 2.1.   Utah LAM domain and gridpoint location. 
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Figure 2.2.   Utah LAM model topography.  Contours are at 10, 100, and 250 m, then 
increments of 250 m up to 3500 m. Shaded values are 250, 1000, 2000, and 3000 m. 
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Boundary Condition Specification 

The present goal is to use the model as a regional, high-resolution space and time 

interpolator for data extracted from large-scale outer model conditions supplied at 6 h 

intervals. Two different data sources were used as outer model input: the NCEP Nested 

Grid Model (NGM) on an 80 km by 80 km grid and the global reanalysis wavenumber 62 

field on a 2.5° by 2.5° grid, as, described by Kalnay et al. (1996). These outer model 

conditions are applied at the lateral and top boundaries of the LAM using Davies (1976) 

nudging in a thin layer (five grid points) adjacent to each lateral boundary. The boundary 

conditions are obtained from the outer model analyses/forecasts with a linear time 

interpolation to the time step of the local model and a cubic spline vertical interpolation to 

the local model levels. 

The Utah LAM is relatively unique in the flexibility allowed for the specification of 

the lateral and upper boundary conditions. The effects of the outer model analysis/forecast, 

presently supplied by either NGM analyses/forecasts or by the global reanalysis fields, can 

be imposed upon the LAM either at the lateral boundaries or in spectral relaxation methods 

wherein the larger inner scales are rapidly relaxed toward the outer model (Waldron et al. 

1996). The spectral relaxation can be selectively applied over any prespecified range of 

internal scales, for some or all of the forecast variables, and the rate of relaxation can be 

height dependent. The method in principle allows the inner model forecast field to evolve 

smoothly with the outer field, minimizing spurious gradients that may otherwise arise 

because of possible incompatibilities produced, for example, by different heating rates 

within the LAM domain than those resulting in the outer model over this region. Davies 

(1976, 1983) nudging is also included to blend the outer and inner model solutions over 

five grid columns adjacent to the lateral boundaries and is applied in all cases. 

The sensitivity of the Utah LAM's forecasts to the degree of spectral relaxation has 

not been systematically investigated, particularly for longer term simulations, when both its 

impact and potential benefits may be greater. One of the present goals is to perform more 
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systematic tests of this method for the 13-day simulations of the 1993 Mississippi River 

Basin floods. 

As noted earlier, the Utah LAM assumes hydrostatic and anelastic forms of the 

vertical momentum and continuity equations, (2.4) and (2.5), respectively. The pressure 

perturbation, p'', is computed from the integral of the hydrostatic equation from the top 

down, 

p'(z) = p\zup) + f gp'dz, (2.12) 

which requires an upper boundary condition on p'. Similarly, the vertical velocity, w, can 

be obtained by integrating the continuity equation, which requires a boundary condition 

either at the surface or the model top. This leads to the three upper boundary conditions 

described below. 

The simplest upper boundary condition can be provided from the pressure values 

obtained from the outer model (NGM or reanalysis), leaving the pressure deviation 

produced by the LAM, p', to be everywhere zero at the model top. This will be hereafter 

referred to as the p' = 0 upper boundary condition. Upper boundary values on p' can also 

be modified following the approach of Klemp and Durran (1983, hereafter referred to as 

the K-D upper boundary condition). The K-D upper boundary condition modifies the 

pressure field obtained from the outer model at the upper boundary to allow vertically 

propagating gravity waves generated within the LAM to pass freely through its top. This 

boundary condition modification depends upon the vertical velocity diagnosed at the model 

top. 

Another type of upper boundary condition is suggested by Innocentini et al. (1993). 

Their approach is to produce a lid at the LAM top by modifying the pressure field obtained 

from the outer model in an amount required to cancel exactly the vertically integrated 
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horizontal divergence acceleration. This boundary condition effectively eliminates the 

vertical velocity at the model top and is subsequently referred to as the w = 0 upper 

boundary condition. The potential advantages to this method are that it produces effectively 

closed domains in the vertical and also retains only the more slowly propagating gravity 

waves, allowing larger time steps. The latter benefit and modifications of the method 

originally proposed by Innocentini et al. (1993) are discussed in more detail by Ciliberti 

(unpublished master's thesis draft). 

The Utah LAM has options to include each of these upper boundary conditions, but 

they have not been systematically intercompared for precipitation forecasting on the space 

and time scales of interest to the 1993 flood simulations. 



CHAPTER 3 

PRECIPITATION AND WIND ANALYSES 

Several data sources were used for model verification of forecast precipitation and 

the low-level jet. This chapter describes the 13-day total precipitation for the period 27 

June to 9 July 1993. The 5 July was chosen to illustrate a day with particularly heavy 

precipitation. The diurnal variation of the precipitation is highlighted as well as the diurnal 

cycle of the low-level jet. 

Precipitation Analysis 

Precipitation is measured daily at many stations throughout the United States. The 

Climate Prediction Center (CPC) issues a Crop Bulletin consisting of 24-h rainfall totals 

recorded at individual locations scattered across the area of interest. These observations 

(hereafter referred to as station precipitation) provide the highest resolution and are 

analyzed in Figure 3.1 . A second source of rainfall data is the CPC objectively analyzed 

hourly station reports (for the U.S.) interpolated to a 2.0°x2.5° grid (Higgins et al. 1996). 

This is illustrated in Figure 3.2 and will be referred to as gridded station data. In addition, 

the NCEP provides a global reanalysis including precipitation (hereafter referred to as 

reanalysis precipitation) analyzed on a 2.5°x2.5° grid (Figure 3.3). 

Figure 3.1 shows the 13-day total and 5 July rainfall amounts according to the CPC 

station precipitation. The 5 July rainfall (Figure 3.1b) is a 24-h amount from 0000 LST to 

2400 LST, and the 13-day total precipitation (Figure 3.1a) is the sum of all daily reports of 

24-h rainfall for 27 June to 9 July. Contouring for this and all subsequent figures 

containing station data was accomplished with GrADS (Grid Analysis and Display System) 
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Figure 3.1. Precipitation from station data supplied by the CPC for (a) the 13-day period 
27 June to 9 July 1993, and (b) the 24 h of 5 July 1993. Units are cm. In (a), the solid 
curves represent 1, 2, 3, and 4 cm and the dashed curves represent 5, 10, 15, and 20 cm. 
Both (a) and (b) were contoured with GrADS using a Cressman objective analysis 
interpolated to a 0.5° by 0.5° grid. In (b), the contours are dashed at 0.1 and 0.5 cm, solid 
at 1, 2, 3, and 4 cm, and dashed for 5 and 10 cm. 
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using a Cressman objective analysis interpolated to a 0.5° by 0.5° grid. The observation 

density of the station precipitation is better than the resolution of the two gridded data 

sources (CPC and NCEP), allowing for an improved depiction of the structure of the 

precipitation events. Although there is no reason to believe any of these data are unreliable, 

three stations were considered suspect and thus excluded: Lincoln, Nebraska (LNK, 

40.85N 96.75W), Spickard, Missouri (P35, 40.25N 93.72W), and Fort Dodge, Iowa 

(FOD, 42.55N 92.18W). Lincoln reported only 0.89 cm from two days of rain when 

stations in all directions near Lincoln reported 8 to 11 days of precipitation. Spickard and 

Fort Dodge reported no rain in the 13-day period whereas neighboring stations reported 11 

days of measurable rain. 

Figure 3.2 is as Figure 3.1, but for the CPC-gridded station precipitation data. The 

grid point just north of Kansas City, Missouri, is the location of the 13-day maximum with 

a value of 25.3 cm (see Figure 3.2a). The general pattern in the Upper Mississippi River 

Basin is similar to that shown by the NCEP reanalysis precipitation (see Figure 3.3a); 

however the CPC-gridded station precipitation indicates a drier area through central 

Arkansas and east through Tennessee. On 5 July (Figure 3.2b) the precipitation was 

isolated to southeast Nebraska, Iowa, northeast Kansas, and northwest Missouri. In 

general, the CPC-gridded station precipitation shows 1 to 2 cm or greater over this four 

state area, with the maximum of 5.5 cm located at the grid point just north of Kansas City. 

This is less than indicated by the station precipitation shown in Figure 3.1b (especially in 

Wisconsin) and more than the NCEP reanalysis precipitation in Figure 3.3b. Since the 

CPC-gridded station precipitation was available with a temporal resolution of 1 h, it is used 

to illustrate the diurnal variation of precipitation later in this chapter. 

The global reanalysis precipitation from NCEP is illustrated in Figure 3.3. This is 

based on the global model analysis of the available wind and temperature observations and 

does not include observed precipitation which is a model-predicted field (Kalnay et al. 1996 

describes the NCEP reanalysis project). Because the resolution is relatively coarse, the 
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structure is smooth, as expected. The 13-day maximum of 24.5 cm (Figure 3.3a) is 

located at the grid point just southwest of Des Moines, Iowa, and there is a minimum over 

northern Lake Michigan. The reanalysis precipitation totals are too large in a broad region 

extending from southern Illinois into Georgia and Alabama. The reanalysis underestimated 

precipitation over portions of Texas and Oklahoma. Specifically for 5 July (Figure 3.3b), 

the reanalysis precipitation shows a significant lack of precipitation from east Kansas 

extending northeast into Wisconsin with amounts of 1 to 2 cm, less than the CPC-gridded 

station precipitation (Figure 3.2b), and much less than the station precipitation of Figure 

3.1b. 

In Figure 3.1a, there are three stations that reported 13-day rainfall totals greater 

than 20 cm: (1) Concordia, Kansas, 24.66 cm; (2) Cedar Rapids, Iowa, 23.01 cm; and (3) 

Salina, Kansas, 21.18 cm, and Kansas City, Missouri, had 19.53 cm. These stations 

cover a much larger area than indicated by the 20 cm contour in the CPC gridded station 

precipitation (Figure 3.2a) and the NCEP reanalysis precipitation (Figure 3.3a). 

Similarities include relatively drier conditions over much of Texas. Station precipitation 

indicates significantly greater rainfall north of the Ohio River than the gridded data sets, and 

the five stations reporting 5 cm or more in western Oklahoma, west Texas, and southeast 

New Mexico are not reflected in either of the gridded fields. On 5 July the station 

precipitation (Figure 3.1b) indicates a significant band of rainfall extending from eastern 

Iowa through southern and eastern Wisconsin with three stations reporting greater than 9.5 

cm. The gridded CPC and NCEP data did not analyze this feature. In general, the detail in 

the station precipitation is much more representative of the mesoscale structure associated 

with the precipitation events over this 13-day period and on 5 July 

The CPC-gridded hourly station precipitation data are used to examine the diurnal 

variation in the precipitation. Figure 3.4a-d shows the 6-h total rainfall analyzed over the 

entire 13-day period, separated into time blocks for 0000 UTC to 0600 UTC, 0600 UTC to 

1200 UTC, 1200 UTC to 1800 UTC, and 1800 UTC to 2400 UTC, respectively. 
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The local evening time block (0000 UTC to 0600 UTC, Figure 3.4a) illustrates a 

significant amount of rainfall in Iowa and north-central Missouri, with a maximum value of 

8.19 cm in central Iowa. The 3-cm contour covers Iowa, western Illinois, most of 

Missouri, northeast Kansas, and eastern Nebraska. During the 0600 UTC to 1200 UTC 

period (Figure 3.4b), the maximum value is larger than during any other 6-h period with a 

9.66 cm grid value north of Kansas City. Additionally, the 3-cm contour has expanded to 

encompass nearly all of Iowa, Missouri, and Illinois, as well as parts of Wisconsin, the 

Dakotas, Nebraska, and Kansas. There is a small secondary maximum of 5.78 cm along 

the eastern border of North Dakota and South Dakota. Rainfall amounts decline in the 

1200 UTC to 1800 UTC period (Figure 3.4c), and a local maximum of 7.58 cm is again 

located north of Kansas City. The 3-cm contour has receded; however it now extends 

further to the southwest into Kansas. The least amount of rainfall was analyzed during the 

1800 UTC to 2400 UTC period (Figure 3.4d). Aside from a small local maximum of 5.24 

cm located in eastern South Dakota, the Upper Mississippi River Basin received little more 

than 2 cm during this 6-hour block over the entire 13 days. 

Rainfall forecasting and verfication are quite difficult due to meso scale features. 

Care must be taken in deciding what represents the best estimate of the truth. Of the three 

different sources of rainfall illustrated in this chapter, the 24-h station data and the CPC- 

gridded station data appear to be the best estimates. In addition, differences are larger for 

daily rainfall than for rainfall averaged over space or time, thus illustrating the uncertainty 

involved in precipitation forecasting and verification. 

Low-Level Jet 

The importance of the low-level jet (LLJ) and its influence on midwest nocturnal 

convection has been well documented (Blackadar 1957; Astling et al. 1985). Preliminary 

investigations of the LLJ concentrated on dynamical explanations based on diurnal 

oscillations of eddy diffusivity (Blackadar 1957) and buoyancy oscillations caused by the 
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diurnal heating of sloping terrain (Holton 1967). A discussion of the physical 

characteristics and structure of the LLJ was documented by Bonner et al. (1968), in which 

it is shown that the LLJ signature is evident below the 700-mb level (or 0.5 km to 2 km 

above ground). Additionally, Bonner et al. (1968) distinguished the LLJ as a transient 

synoptic scale southerly wind maximum of 23 to 34 m s"1 with a horizontal scale of 

approximately 300 km, best analyzed with the 1200 UTC sounding data. 

The underlying motivation for analyzing the strength and diurnal variation of the 

LLJ lies in the aforementioned studies coupled with results of previous research with the 

Utah LAM. Paegle and McLawhorn (1983), Astling et al. (1985), and Nicolini et al. 

(1993) performed simulations showing the Utah LAM exhibits skill in forecasting the 

oscillation of the LLJ due to the enhanced resolution and the model's treatment of the 

physical parameters within the boundary layer that are key to the formation of this 

phenomenon. Furthermore, it has been shown by Mo et al. (1995) that the LLJ in the 

midwest United States was stronger than usual during the 1993 summer. 

Panels a and b of Figure 3.5 display the 850-mb wind averaged for all 1200 UTC 

and 0000 UTC soundings, respectively, from 1200 UTC on 27 June to 0000 UTC on 10 

July 1993. The sounding data were obtained from the Time Series RAOB Archive, Data 

Support Section, Scientific Computing Division, National Center for Atmospheric 

Research. A diurnal cycle is evident in the observations from Corpus Christi, Texas, north 

to Topeka, Kansas, where the winds are generally 9 to 13 ms"1 from the south at 0000 

UTC, increasing to 13 to 19 m s"1 from the south through southwest at 1200 UTC. The 

diurnal oscillation composite shown in Figure 3.5 is not as strong as characterized by 

Bonner et al. (1968) since averaging tends to smooth out the signature by including days 

which did not synoptically support a strong LLJ. Figures 3.6a-d show a more typical 

example with winds of 33 and 29 m s"1 over Topeka at 1200 UTC on 4 and 5 July, 

respectively. In this case, 850-mb wind speeds in excess of 20 m s are evident much 

further north than would be inferred from Figure 3.5b.   The location of the heaviest 
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precipitation on 5 July (see Figure 3.1b) is well north in eastern Iowa and southern and 

eastern Wisconsin. Figure 3.7 is as Figure 3.5 but for 500 mb. It is included to show that 

the diurnal oscillation in the wind field is mainly a low-level feature and the signature is not 

evident at the 500-mb level. 

Figures 3.8 and 3.9 display the 13-day average of the 850-mb wind at 0600, 1200, 

1800, and 2400 UTC for the NGM and NCEP reanalysis models, respectively. The 

diurnal variation is similar and in agreement with the sounding data (Figure 3.5); however 

the reanalysis winds are slightly weaker. 
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CHAPTER 4 

UPPER BOUNDARY CONDITION SENSITIVITY 

Changing upper boundary conditions on pressure may influence the Utah LAM 

precipitation forecast because this affects the column integrated divergence acceleration that 

is directly related to the vertical velocity. The first experiment in this chapter is the control 

with the p' = 0 upper boundary condition. The second experiment uses the Klemp-Durran 

(K-D) upper boundary condition in place of the p' = 0 condition. The third experiment 

uses an upper boundary condition proposed by Innocentini et al. (1993) which was 

modified and installed in the Utah LAM by Ciliberti (unpublished master's thesis draft). 

This will be referred to as the w = 0 upper boundary condition. The purpose of this 

chapter is to evaluate the Utah LAM precipitation forecast sensitivity to the choice of these 

different upper boundary conditions. 

The simplest upper boundary condition is to set the pressure at the top of the model 

to the value provided by the outer model. This leaves the pressure deviation, p', at the 

model top to be zero, and this upper boundary condition is called the p' = 0 upper 

boundary condition. The control experiment utilizes the p' = 0 upper boundary condition, 

a 40-second time step, outer model data from the NGM, Davies nudging at five grid points 

adjacent to the lateral boundaries, no spectral relaxation in the LAM interior (described in 

more detail in Chapter 5), a critical relative humidity for precipitation of 100%, subcloud 

evaporation, and the same diffusion and Fourier filtering of the moisture variable as for 

other variables. 

Klemp and Durran (1983) developed a radiative upper boundary condition to reduce 

the problem of artificial reflection of gravity waves from the upper boundary. The purpose 
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of the K-D upper boundary condition is to radiate most of the gravity wave energy through 

the model top by allowing only gravity waves that propagate energy upward to exist at the 

upper boundary. 

This is accomplished by computing the vertical velocity at the model top, wtop, 

through vertical integration of the continuity equation (from the bottom up) with the lower 

boundary condition set as the vertical velocity resulting from the wedging effect of the 

topography. Then, wtop is Fourier transformed, and the coefficients, w^, lead to the 

following expression: 

w, 
Nwk k h'k* (4.1) 

(V+V)2 

where kx and k0 are the wavenumbers in the zonal and meridional direction, respectively, 

and N is the Brunt-Väisälä frequency. The pressure correction for mode {kx,k^) is given 

at the model top by pswk k . This pressure is used as the upper boundary condition for the 

vertical integration of the hydrostatic equation (from the top down) to calculate the pressure 

throughout the column. 

Although Klemp and Durran (1983) derived this upper boundary condition using a 

set of model equations that assumed linear, hydrostatic, Boussinesq flow in a uniform 

atmosphere without rotation, they show that it may be effective in a wide range of 

mesoscale modeling applications and in more general atmospheric conditions. Experiment 

2 uses the K-D upper boundary condition in place of the p' = 0 condition. All other model 

aspects are as described for the p' = 0 experiment, and this experiment will hereafter be 

referred to as the K-D experiment. 

An abbreviated derivation of the w = 0 upper boundary condition begins with the 

horizontal momentum equation: 



— = VAp + (other terms). 
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(4.2) 

After multiplying both sides by ps and applying the leapfrog time differencing scheme, the 

above equation becomes 

0 vn+l - n V"'1 

&- t^l— = _V, p" + (other terms). 
2At hV 

(4.3) 

Applying the horizontal divergence operator, VA, and multiplying by 2 At gives 

V„ • (p,Vn+l) - V •„ (psV~l) = 2At(-V2
hp

n) + V„ • (other terms). (4.4) 

Integrating equation (4.4) vertically, from the model top down to the surface, results in 

zsjt zsfc I       zsfc zsfc 

j V, ■ (psV
n+l)dz - j V„ • (psV"-l)dz = 2At - j V\pndz + JV„ • (other terms) 

A 

V    '°p 

■ (4.5) 

The notation is simplified by substituting an overbar to symbolize the column integral and 

equation (4.5) becomes 

V, • (psV
n+l) - VA • (psV-1) = 2At(-V*(7) + V, ■ (other terms)). (4.6) 

The hydrostatic pressure at any level in the local model is denoted as ph{z) and 

given by 

PH(Z) = -\
Z
 Ps8dz, (4.7) 
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where the total pressure, p(z), at any level is the sum of the hydrostatic pressure and the 

pressure at the model top, or 

p(z) = Ph(z) + Ptop. (4-8) 

Substituting for p in equation (4.6) using equation (4.8) above gives 

VA -(pr+1)- V„ {psV
n-l) = 2At(-Vl(p^{zJ)- V2

h(Ptop) + VA -(other terms)).   (4.9) 

The method described by Innocentini et al. (1993) is to specify both the lower and upper 

boundary values of the initial vertical velocity to be zero. This specification ensures that the 

acceleration of the column integrated horizontal divergence remains zero if ptop is modified 

as discussed next. 

Innocentini et al. (1993) suggest that the pressure at the model top used in the 

calculation of V"+1 be corrected in order to offset the column-integrated horizontal 

divergence that would be otherwise nonzero at the n'h time step. This corrected pressure, 

(/^rr)\isgivenby 

If the vertical velocity at the surface is set to zero at every time step and the vertical velocity 

at the model top is zero at some previous time step, then this pressure correction can be 

used to predict a horizontal wind whose column integrated divergence acceleration is zero 

and the vertical velocity at the model top is then zero. 

At time step n, the pressure correction term for the local model top is added to the 

pressure at the top from time step n -1. The local model pressure field is then obtained 

through vertical integration of the hydrostatic equation (from the top down) using the 
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corrected pressure at the model top. The model wind field can then be recomputed using 

the updated pressure field. The following steps describe the sequence of calculations 

discussed above: 

1) Forecast the wind, V"+1, using p", w", and T". The horizontal wind Vn+l 

produces w,"*1 which does not equal zero because the column integrated horizontal 

divergence is nonzero. 

2) Calculate the pressure correction term, (p™") , using equation (4.10) and 

recalculate the pressure field at all model levels. 

3) Recalculate the wind, Vn+l. The column-integrated horizontal divergence and 

the resulting w"£ will now be equal to zero (or very close to zero). 

Innocentini et al. (1993) elected to skip step (3) and simply use the corrected 

pressure at all levels at the next time step, accepting a small imbalance in the horizontal 

momentum equations to reduce computations. However, Ciliberti (unpublished master's 

thesis draft) attempted to utilize this variation in the Utah LAM, and unacceptably large 

values of vertical velocity were produced at the model top. An advantage to this upper 

boundary condition, especially appealing to this research, is the ability of the model to 

remain stable with a larger time step because the condition wtop = 0 filters the most rapidly 

propagating gravity waves. This experiment, hereafter referred to as the w = 0 

experiment, is otherwise configured as the p' = 0 and K-D experiments, but allows an 80- 

second time step (approximately two times that required in the p' = 0 and K-D 

experiments). 

The p =0 Experiment 

This and all other simulations performed in this study (unless noted otherwise) 

were initialized with data from 0000 UTC 27 June and run for 336 forecast hours to 0000 

UTC 11 July 1993. However, only the output data from 0600 UTC 27 June to 0600 UTC 

10 July are analyzed and presented for each experiment.   The results of the control 
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experiment (p' = 0) are illustrated in Figures 4.1 through 4.3. Figure 4.1a shows the total 

precipitation produced by the Utah LAM for the 13-day period of 27 June to 9 July, and 

Figure 4.1b shows the 24-h rainfall for 5 July. 

The maximum rain produced in this experiment fell in eastern Iowa and northern 

Illinois with amounts of 50.9 cm in Iowa and 57.1 cm in Illinois (Figure 4.1a). This 

experiment predicted the dry area in Kentucky and southern Illinois and Indiana, as well as 

the lack of precipitation throughout most of Texas (refer to Figure 3.1a for comparison). 

However, the model underpredicted precipitation in Minnesota, South Dakota, Nebraska, 

and especially Kansas where this simulation totally missed the 20-cm area in north-central 

Kansas. 

For 5 July, the p' = 0 experiment generated a band of rainfall covering northeast 

Iowa and Wisconsin, with maxima slightly greater than 10 cm in Wisconsin. Comparison 

of Figure 4.1b and Figure 3.1b indicates that the Utah LAM performed well for this 24-h 

period. The 5-cm contour in Figure 4.1b is very close to the 5-cm contour shown in 

Figure 3.1b. 

As mentioned in Chapter 3, the Utah LAM has been applied to several past studies 

of the diurnal cycle in the boundary layer. Figures 4.2 and 4.3 illustrate the diurnal cycle 

of the precipitation and 850-mb winds as produced by the p' - 0 experiment. The four 

maps displaying 6-h precipitation totals for the 6 h preceding 0600 UTC, 1200 UTC, 1800 

UTC, and 2400 UTC (Figures 4.2a-d) were created summing all the output (for the 

respective 6-h time period) from the 13 days of 27 June to 9 July. Figures 4.3a-d show the 

850-mb winds for 0600 UTC, 1200 UTC, 1800 UTC, and 2400 UTC, respectively, 

averaged over the entire 13-day period. The general diurnal cycle of the precipitation is in 

agreement with the diurnal variation shown in the observation data in Chapter 3 (Figures 

3.4a-d) in that the greatest amount of rain was generated between local midnight and 6 am. 

Of the 55 cm predicted in northern Illinois for the 13-day period (see Figure 4.1a), 25 cm 

was produced during this 6-h time period. The 850-mb winds, although faster than the 
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850-mb sounding data indicate (Figure 3.5), also exhibit typical diurnal variation with 

maxima at midnight and 6 am local time (1200 UTC). 

The K-D Experiment 

The K-D experiment was executed with a 40-second time step, but the solution 

became unstable and blew-up after 210 h of forecast time. Therefore, a supplemental 

simulation was executed with a 30-second time step, for 132 h, beginning at 1200 UTC 5 

July and ending at 0000 UTC 11 July. The output from the "40 second" simulation was 

salvaged for 0000 UTC 27 June to 1800 UTC 5 July and merged with the output from the 

"30 second" simulation to create a full data set. As stated earlier in this chapter, only the 

output from 0600 UTC 27 June to 0600 UTC 10 July is presented below. 

The 13-day rainfall and 24-h 5 July precipitation from the K-D experiment are 

shown in Figures 4.4 and 4.5 in the same manner as Figures 4.1 and 4.2, respectively. 

Overall, the K-D experiment produced more rainfall than the p' = 0 experiment with a 

maximum of 64.5 cm in eastern Iowa for the 13 days (Figure 4.4a) and an area of 15 cm or 

more in northeast Iowa and southwest Wisconsin with a maximum of 25.7 cm for 5 July 

(Figure 4.4b). Similarities in the 13-day precipitation field include the dryness in Texas 

and east into Kentucky and Tennessee, as well as the underprediction of rainfall in Kansas 

and north into western Minnesota. One notable difference is that the K-D experiment did 

not produce another local maximum in northern Illinois as in the p' = 0 experiment, and 

there is a small area greater than 50 cm in southwest Wisconsin not produced by the 

previous experiment. 

The diurnal variation of the precipitation from the K-D experiment (see Figure 4.5) 

paralleled the p' = 0 experiment with the greatest amounts of rainfall during the 0000 to 

0600 UTC and 0600 to 1200 UTC time periods (panels a and b). However, as stated 

above, the K-D experiment produced more rainfall than the p' = 0 experiment over Iowa, 

Illinois, and Wisconsin. The placement and variation of the LLJ in the K-D and p' = 0 



48 

P 
I 

© g>n 

©  £?£ 
2 -3 =^ 

S oi s 

t-  bß g 

ID £-73 

8s§ 

O o --H 

Bos 
&,■* o 

•s     M 

Ö     - CO 
■So- 
2<N E 

US"! 
o   „© 

C3  i—H    3 

S «<£ 
■I-I   "-1    j3 

•a o^ = 8' u  o  <u 

§ o c 

s u g 
e-ts s 
§3© 

<g o 

■Ö   £  t 

fSPt c e 



49 

P 
I 

I* 
T3 

1 
s 

T3  o 

03 CM 

en 
OS 
ON 

u 
> 

w ttf) 

OS O ^ 
o © .3 
2CN ab 

25 
r-o 
CN vo 

ü 

<u 

cAo©" 
^ O co 

~   O <N 
1-  *5      „ 
<2oo 

' »n 

Ü 
o 

3 

c 

\0  O 
^    -4-» 

e3 

3 
O o 

3 
O 

3 

«1 

?3 

e o 
3 

■Si    1/3 
O-l p    C« 

■3  W     • 
~ 5U 2 &H 

cs X3 

,S2 

J8 
»n 

u 
o m 
ID > o 
•9 

e 
3 

fr* 
<D T3  3 

Q-g'S 



50 

MrW 

Q 
I 

•a u 
3 

_C 
fi o 
U 

e 
3 

S3 



51 

experiments are similar, but the wind speeds in the K-D experiment are slightly slower 

(results not shown). 

The w=0 Experiment 

The LAM output for the w = 0 experiment is illustrated in Figures 4.6, 4.7, and 

4.8. Figure 4.6a shows that the w = 0 experiment produced significantly less rainfall than 

the previous two experiments. The 13-day maximum is 36.5 cm located in northern 

Illinois and the 20 cm contour covers little more than the northern part of the state. 

Significantly less rain was produced over eastern Iowa; however an area of 5 cm was 

generated to the southwest, just north of Kansas City, Missouri, and into northeast 

Kansas. Virtually no precipitation was predicted over Minnesota, eastern South Dakota, 

and Nebraska and the Gulf Coast precipitation seen in the two previous experiments is 

significantly less. This experiment resulted in a substantial underforecast of rainfall in the 

Upper Mississippi River Basin for the 13-day period. 

The model prediction for 5 July is shown by Figure 4.6b. Although the rain band 

has been shifted to the east and its area decreased (especially the coverage of the 5 cm 

contour), the maximum of 8.8 cm is closer in magnitude to the actual precipitation (see 

Figure 3.1b) than the K-D experiment. The w = 0 experiment underpredicted the amount 

of rainfall for 5 July within the area from northeast Kansas to southwest Wisconsin as it 

had for the entire 13 days. 

This experiment produced some changes to the diurnal variation of the precipitation 

and the LLJ (see Figs 4.7a-d and Figs 4.8a-d). Unlike the previous two experiments, the 

w = 0 case produced more rainfall in eastern Iowa and northern Illinois between 1200 and 

1800 UTC (Figure 4.7c) than during 0600 to 1200 UTC (Figure 4.7b) and 1800 to 2400 

UTC (Figure 4.7d). However, more precipitation fell between 0000 and 0600 UTC than 

the rest of the day, and it is evident that the 5-cm contour in northeast Kansas shown in the 

13-day field (Figure 4.6a) (which was not produced in the p = 0 and K-D experiments) 
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was from rain generated primarily between 0000 and 0600 UTC (see Figures 4.7a-d). 

Further investigation showed that the Utah LAM predicted this precipitation as the sum of 

accumulations from 7, 8, and 9 July only (these results are not shown). The 850-mb 

winds from the w = 0 experiment (Figure 4.8) show little diurnal variation and a slight 

increase in the westerly component and do not extend as far north as in the previous two 

experiments. Evaluation of the 500-m winds from this experiment indicates a stronger 

diurnal cycle (results not shown). The p' = 0 and K-D experiments generated wind 

speeds of 20 to 30 m s"1 in southeast Iowa, northern Illinois, and southeast Wisconsin, 

and the w = 0 experiment generated wind speeds less than 20 m s"1 in those areas. 



CHAPTER 5 

LATERAL BOUNDARY CONDITION SENSITIVITY 

The purpose of this chapter is to evaluate the Utah LAM precipitation forecast 

sensitivity to changes of lateral boundary data analysis and to methods of lateral boundary 

implementation method. 

Lateral Boundary Data Origin 

Waldron et al. (1996) examined Utah LAM sensitivity to lateral boundary data 

origin for short-duration simulations of 12 to 24 h. To test the sensitivity of longer 

simulations to the type of data applied at the boundaries, two experiments were performed 

that used the reanalysis data (Kalnay et al. 1996) rather than the NGM analysis and 6 h 

forecasts. One experiment used the p' = 0 upper boundary condition and the other the 

w = 0 upper boundary condition. These two experiments will be referred to as the 

reanalysis p' = 0 and reanalysis w = 0 experiments, respectively. The results of these two 

reanalysis simulations will be compared to the p' = 0 experiment and the w = 0 experiment 

discussed previously, as well as to each other. Figures 5.1 and 5.2 show the precipitation 

generated by the reanalysis p' = 0 experiment and Figures 5.3 and 5.4 illustrate the results 

for the reanalysis w = 0 experiment. 

Comparison of the 13-day precipitation fields between the two p' = 0 experiments 

(Figures 4.1a and 5.1a) shows that the reanalysis p' = 0 experiment produced less rainfall 

in eastern Iowa and northern Illinois with a maximum value of 45.9 cm in Iowa compared 

to 50.9 cm in the p' = 0 experiment with the NGM data. Similar comparison of the two 

w = 0 experiments (Figures 4.6a and 5.3a) indicates a more significant difference with a 
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maximum rainfall of 18.0 cm in northern Illinois in the reanalysis w = 0 experiment 

compared to 36.5 cm in northern Illinois from the w = 0 experiment. Both NGM-bounded 

simulations (p' = 0 and w = 0) produced local rainfall maximums in northern Illinois, 

whereas the two reanalysis experiments did not. Also, the trend for the p' = 0 upper 

boundary condition to produce more precipitation than the w = 0 upper boundary condition 

holds true with either the NGM data set or the reanalysis data set. There is much less 

rainfall over the southeast for both reanalysis experiments than for the NGM cases. Here 

the NGM-driven cases agree better with the observed rainfall shown in Figure 3.1. 

Similar conclusions may be drawn from examination of the 5 July precipitation 

fields. Figures 5.1b and 5.3b display the 24-h rainfall for 5 July for the reanalysis p' = 0 

experiment and the reanalysis w = 0 experiment, respectively. Relative to their NGM 

counterparts, the reanalysis p' = 0 experiment provided less rainfall over Wisconsin, in a 

slightly narrower area, and very similar in location, and the reanalysis w = 0 experiment 

followed a similar trend. More similarities exist between the two p' = 0 upper boundary 

condition experiments and the two w = 0 experiments than between the two NGM- 

bounded simulations and the two reanalysis simulations. This is further illustrated by the 

eastward shift and substantial decrease of the 5 July precipitation in both of the w = 0 

experiments (compare Figures 4.6b and 5.3b to Figures 4.1b and 5.1b). 

Figures 5.4a-d show the 6-h rainfall for the reanalysis w = 0 experiment for the 6 h 

ending at 0600 UTC, 1200 UTC, 1800 UTC, and 2400 UTC, respectively. The diurnal 

variation in the reanalysis w = 0 simulation is more evident than in the w = 0 experiment 

with the NGM data set shown in Figures 4.7a-d. Rainfall of 10 cm or more was predicted 

in northeast Missouri between 0600 and 1200 UTC and southeast Iowa between 0000 and 

0600 UTC, whereas 2 to 3 cm was predicted during the other two 6-h time periods. 

Referring back to Figure 4.7 for the w = 0 experiment, it is clear that the local 13-day 

maximum produced in northern Illinois came from rainfall in large part due to the 

contribution from the 1200 to 1800 UTC and 1800 to 2400 UTC time periods that the 



66 

reanalysis w = 0 experiment did not produce. Similar conclusions can be made from the 

output of the two p' = 0 experiments (compare Figures 4.2a-d and 5.2a-d). 

There is less sensitivity in the precipitation predicted by the Utah LAM over the 

Upper Mississippi River Basin to the tested upper boundary conditions than to the tested 

lateral boundary data origins. Analysis of the local model's average 500-m wind over the 

13 days exhibited the same correlation (results not shown). Rainfall simulations over 

northern Illinois and over the southeast show strong sensitivity to origin of boundary 

conditions. 

Lateral Boundary Implementation Method 

In this section, sensitivity of the Utah LAM to the method of applying boundary 

conditions will be analyzed. All previous experiments used Davies nudging applied to the 

five grid points adjacent to the lateral boundaries in the local model. Those experiments 

will be used as the baseline to compare new experiments that employ a method of spectral 

wave relaxation that influences the interior of the LAM domain. The following discussion 

paraphrases Waldron et al. (1996). 

A typical Utah LAM forecast equation can be written schematically as 

~ = L(Q), (5.D 
at 

where the variable Q may represent a single forecast variable or a vector of forecast 

variables and L(Q) is the local model representation of the influences contributing to the 

change in Q. 

Juang and Kanamitsu (1994) suggest decomposing Q in a nested regional model 

into two components as 

Q = Qo+Qi> (5-2) 
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where Q0 represents the scales resolved by the large scale outer model and ß, represents 

the smaller scales resolved only by the inner model. Using this in equation (5.1), the 

forecast equation now becomes 

^ = L(ß)-L(ß0). (5-3) 
at 

The outer model forecast provides the values for L(Q0), even within the inner model 

domain. This method is advantageous since Q = Q0 on the local model boundaries 

resulting in ß, = 0 and a spectral expansion of ß, is possible due to the resulting 

periodicity. 

The application of Davies nudging in the local model can be expressed by including 

a nudging term, -K(Q - Q0), on the right side of equation (5.1): 

^ = L(Q)-K(Q-Q0), (5.4) 
at 

where K decreases with increasing distance from the lateral boundary. This ensures that 

the transition to the boundary value is accomplished smoothly. This method has been 

shown to work well in many models using a one-way interacting boundary condition. 

Waldron et al. (1996) discuss a modification to this and Juang and Kanamitsu's method 

which is summarized next. 

The wave nudging method available in the Utah LAM allows partial application of 

the two methods discussed above (Davies and Juang and Kanamitsu) depending on the 

scale of the forecast field. Equation (5.4) is modified as follows: 

^- = L(Q)- X   J,Kmn{Amn-Kny
kmXe'K\ (5-5) 

"t \m\<M"\n\<M" 
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where M" is defined as the highest wavenumber (relative to the local model grid) that is 

well predicted by the outer model, A"m are the Fourier coefficients of a field that is defined 

as Q0 within the local model and zero on the boundaries, and Amn are the Fourier 

coefficients resulting from the solution for Q from the local model with values of zero on 

the boundary. Equation (5.5) can be used to provide selective relaxation in the 

wavenumber domain. 

If M" is equal to the local model domain length divided by twice the outer model 

grid size, and if Kmn is sufficiently large, then equation (5.5) will allow the local model 

fields to be everywhere affected by the outer model. Additionally, if Kmn = 0 and L(Q) 

retains Davies nudging as in equation (5.4), then equation (5.5) is equivalent to a one-way 

interacting boundary condition. If Kmn varies with m and n, then the benefits of both 

methods can be realized by selectively relaxing the longer waves to values forecast by the 

outer model and allowing the local model to predict the shorter waves. This can be done by 

setting Kmn to a large value for the long waves (m,n « M") and to a small value for the 

short waves (m,n ~ M"). 

This method of spectral relaxing may be superior to boundary nudging alone 

because it allows some scales within the Utah LAM to be better predicted by the outer 

model. Waldron et al. (1996) discuss the results of tests with three different spectral 

relaxation schemes generated by the Utah LAM. Since the local model grid size, terrain, 

and boundary layer resolution are significantly different than the outer model, the relaxation 

is applied to the LAM domain above the 3-km model level and is applied only to wind 

forecasts. Implementation of spectral relaxation in the Utah LAM is flexible in that a choice 

can be made of which wavenumbers to relax. For example, wavenumber 0 only, 

wavenumbers 0 and 1, waves 0, 1, and 2, and so on. Also, previous experiments testing 

this spectral relaxation method in the Utah LAM were for shorter simulations (see Waldron 

et al. 1996) than used in this research, and the results of the 13-day simulations are 

analyzed below. 



69 

Six experiments were performed to examine model sensitivity to the degree of 

spectral relaxation. In two of the simulations, only wavenumber 0 (the LAM domain 

average) is relaxed in order to produce a subtle influence on the LAM interior. These 

experiments differ in the choice of upper boundary condition and are hereafter referred to as 

the wave 0 p' = 0 experiment and the wave 0 w = 0 experiment. In the second pair of 

simulations, waves 0 and 1 are relaxed in order to provide a greater response. Similarly, 

these experiments are called the wave 1 p' = 0 experiment and the wave 1 w = 0 

experiment. The final pair of experiments were performed with relaxation of waves 0, 1, 

and 2 and are referred to as the wave 2 p' = 0 experiment and the wave 2 w = 0 

experiment. 

In all cases the relaxation coefficient, Kmn, was set to 1 / (40Ar), where At is the 

model time step. The resulting adjustment of relaxed waves occurs on a rapid time scale of 

1 h. The NGM supplied the outer model information for these six experiments. 

Wave 0 Relaxation 

Figures 5.5 and 5.6 display the results of the wave 0 p' = 0 experiment in the same 

manner as Figures 4.1 and 4.2 for the p' = Q experiment. The 13-day precipitation 

predicted by the wave 0/ = 0 case (Figure 5.5a) is very similar to the non-relaxed case 

(Figure 4.1a). The LAM continues to produce a rainfall maximum in eastern Iowa and 

northern Illinois that is greater than observed (55.2 cm in this case), the dry area from 

Texas to Kentucky, and an under-prediction of precipitation in Kansas, Nebraska, South 

Dakota, and Minnesota. However, the wave 0 p' = 0 experiment generated 3 to 4 cm of 

rain in southern Kansas and 5 cm in southeast Nebraska that the nonrelaxed case did not 

and slightly increased the precipitation in northern Minnesota. 

Figure 5.5b shows the 24-h rainfall predicted for 5 July for the wave 0 p' = 0 

simulation. This experiment predicted precipitation of 5 cm from northeast Iowa through 

most of Wisconsin, and the 10-cm contour is in good agreement with the station data in 



70 

©   60Ä oca 

ox: G 
<D  «   U 

a x: o 

27
 J

u 
ith

 l
ig

 
an

d 
21

 

<->£_« 5r. 
© o   - 
v£> *0 —< 

fo
rO

 
an

d 
d 

fo
r 

ct
ed

 
,5

0
, 

so
li 

'-3 ©13 
u^ s 
S     „ cd 
OH©   fi 

13   . « 
ta © v-i 

"3   ►© 
^ © "Q 

"3    s 
O VI __. 
4-»          »"^ 

>»—!   O 
=3    fc-i    !_ 

^? o o 
O en     ^ 

%_•   c/3    </3 
fc-i  cd 

o « 3-d 
Ö  o  ,. <u -S D 

> 
S   c   h 

xp
er

 
a)

, 
c 

ou
rs

 

U  a  C ©£ o 
II             .           „ V             >\'^> £5,-3 X) ~*< 3 w 

O1-1   C 
<u >n |-H 

> »-,    . 
C3   O   Ö 
^ 5 

th
e 

ct
ed

 
30

 

^ £ 
a 2 8 1 «a o-xj >w' ~_ «* 

&!*? 
3   ö Ä 
o  S  S 

*-<   "-1 X3 
2i  «a 

X! ^^ T3 f ) 
03 X) 

-4-J   \ ' T3 m 
D „ C u >> > 
w-i 3 e o 

-s. 
>n © >n nn 

3 u > 
g 

T3 
O    03 

03    1/3 



71 

X! 

»n 

ON »_) &a 
2Q.S 
>>CN   c3 

•3 <-« 43 
5  O   M 

w^o —' 
« O J3 

r-   - —* 
<NU  6 
•oH ° o D o 

TJOO 
J.        <^> 

,o s—'   „ 

.23 

e^ 
i 

cd 

a 
cd 
so 
t-i 
3 
O 

■+-> c o 
o BH   •_-* 

3 T3 
cS   «•§ 
bß.£2  cd 
C   G   r- •COS 

■OB» 
a &53 
.2 * to 

'cL S ^ •ST CB 

a> .c rj 

+-»   . o 
0*iO 

II 3o 

BJ 

'ioS 



72 

T3 
1) 
3 

C o 
U 

3 



73 

Figure 3.1b. For this case, the maximum was increased to 22.5 cm (in southeast 

Wisconsin) compared to 13.3 cm for the nonrelaxed case. 

The diurnal precipitation cycle is basically unchanged with the most rainfall 

predicted to occur between 0000 UTC and 1200 UTC (Figures 5.6a-d). Figure 5.6a 

shows that nearly all of the precipitation generated over southern Kansas and southeast 

Nebraska (which was not produced in the nonrelaxed case) occurred during the 6-h period 

between 0000 and 0600 UTC. The representation of the LLJ also showed little change 

with the wave 0 relaxation. The average 500-m winds from the wave 0 p' = 0 experiment 

showed the same general orientation, but with slightly slower speeds in the jet exit region 

(Wisconsin and Michigan), as the case without relaxation (results of wave 0 p' = 0 not 

shown, see Figure 4.3 for the nonrelaxed case). 

In general, the relaxation of wave 0 had little affect on the 13-day rainfall amounts 

and the diurnal variation of precipitation and the LLJ. Although the output for 5 July is 

also very similar in these two cases, examination of the daily precipitation showed 

numerous differences on several days (results not shown). This suggests that the wave 0 

relaxation had a slightly stronger influence on the precipitation output from the LAM than 

would be inferred from comparison of Figures 4.1 and 5.5. 

The wave 0 w = 0 experiment results are displayed in Figures 5.7 and 5.8 and are 

compared to the nonrelaxed w = 0 case shown in Figures 4.6 and 4.7. Figure 5.7a shows 

that the coverage of the 5-cm contour has been significantly reduced in this experiment and 

two local maximums of 26.1 and 25.3 cm were generated in southeast Iowa and northern 

Illinois, respectively. This is in comparison to the 5-cm contour and the 36.5 cm maximum 

in Illinois displayed in Figure 4.6a for the nonrelaxed case. Other differences include 

somewhat greater precipitation over parts of the Gulf Coast, a slight increase in rainfall 

over northern Minnesota (as in the wave 0/ = 0 case), and 1 to 2 cm in parts of southern 

Kansas. 
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For 5 July, Figure 5.7b illustrates a significant change to the 24-h rainfall predicted 

by this experiment when compared to the nonrelaxed experiment shown in Figure 4.6b. 

The wave 0 relaxation reduced the precipitation over Wisconsin and Michigan to little more 

than 1 cm and the area shifted to the southeast. This case also generated numerous isolated 

areas of 2 to 3 cm rainfall over eastern Montana and the Dakotas, and a few areas of 1 cm 

rain in central Texas. 

Figure 5.8 shows no change in the diurnal variation of the precipitation, and the 

result of the wave 0 relaxation was only a slight decrease in the speed of the average 500-m 

winds (500-m winds not shown). 

In general, the wave 0 relaxation had a more pronounced affect on the Utah LAM 

precipitation forecast with the w = 0 upper boundary condition than the p' = 0 condition. 

Although the wave 0 relaxation had a stronger influence on the location and amounts of 

rainfall on a day-to-day analysis for both upper boundary conditions (results not shown), 

the 13-day totals and the diurnal cycle of precipitation and the LLJ were less affected. 

Wave 1 Relaxation 

Figures 5.9 and 5.10 show the precipitation fields from the wave 1 p' = 0 case and 

Figures 5.11 and 5.12 show the results of the wave 1 w = 0 case. These figures are 

configured as all previous illustrations of the 13-day, 5 July, and diurnal variation of 

precipitation. Figures showing the 500-m wind fields are omitted since the spectral wave 

relaxation has little influence on the low-level winds. 

The 13-day rainfall total from the wave 1 p' = 0 experiment (Figure 5.9a) 

decreased from that predicted by the wave 0 experiment, as shown by the 15 and 20 cm 

contours. Also, one grid point in Illinois received more than 30 cm in this experiment 

(compared to 55.2 cm in the wave 0 case and 57.1 cm in the nonrelaxed case), and the 

maximum in Iowa was 46.4 cm (compared to 50+ cm in the wave 0 case and 50.9 cm in 

the non-relaxed case). The general trend remains unchanged: dry area through Texas to 
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Kentucky and underprediction of precipitation in Kansas, Nebraska, and Minnesota. 

However, this experiment did generate an increased amount of rainfall in North Dakota and 

Minnesota. 

The 24-h rainfall for 5 July (Figure 5.9b) predicted by this experiment continues to 

be in agreement with the station data, but the maximum in southeast Wisconsin is still too 

large at 18.3 cm. This is down from 22.5 cm in the wave 0 case and greater than the 17.0 

cm in the nonrelaxed case. The diurnal precipitation pattern (Figure 5.10) is as the 

previous case with the exception that the 6-h block between 0000 and 0600 UTC appears to 

be picking up most of the rainfall and dominating the daily cycle in eastern Iowa. The 

diurnal cycle of the 500-m winds is basically unchanged; again the wind speeds are slightly 

slower (results not shown). 

The 13-day total precipitation for the wave 1 w = 0 case (Figure 5.11a) is also less 

than the wave 0 case. The maximum amount is now along the southern border of Iowa and 

Illinois with a value of 21.5 cm (down from 26.1 cm in the wave 0 experiment and 36.5 in 

the nonrelaxed experiment). This case shows no improvement to the lack of rainfall in 

Kansas, Nebraska, the Dakotas, and Minnesota. For 5 July, this experiment shows even 

more deterioration of the rainband in Wisconsin and Michigan (Figure 5.1 lb) to a point that 

it no longer resembles the observed station data presented in Figure 3.1b. Figure 5.12 

shows no change to the diurnal precipitation pattern and the 500-m winds are nearly 

unchanged from the wave 0 case (results not shown). 

Whereas the p' = 0 upper boundary condition experiments showed little effect from 

the change to wave 0 relaxation from no relaxation, the change to wave 1 relaxation 

produced a more visible effect on the LAM-generated 13-day rainfall in the Upper 

Mississippi River Basin. On the contrary, the w = 0 experiments reflected a stronger 

influence on the predicted rainfall when changing to the wave 0 relaxation from no 

relaxation, than did changing to wave 1 relaxation from wave 0 relaxation. 
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Wave 2 Relaxation 

The Utah LAM results from the wave 2 relaxation cases are provided in Figures 

5.13 and 5.14 for the p = 0 upper boundary condition, and Figures 5.15 and 5.16 for the 

w = 0 upper boundary condition, as done for the previous experiment. 

Some of the gains made in the 13-day rainfall in parts of Minnesota, the Dakotas, 

and Kansas from increasing the spectral relaxation to the wave I p' = 0 experiment were 

lost with the wave 2 p' = 0 experiment (Figure 5.13a). Precipitation decreased again in 

northern Illinois, and the maximum in Iowa is now down to 43.2 cm (however, this is still 

higher than observed). More noteworthy is the significant decrease in the amount of rain 

generated over Wisconsin and northeast Iowa for 5 July, as shown in Figure 5.13b. The 

maximum value predicted by the wave 2 p' = 0 experiment is down to 7.0 cm from the 

18.3 cm predicted in the wave 1 p = 0 case. 

The 0000 to 0600 UTC time block dominates the diurnal precipitation pattern in this 

experiment (Figure 5.14) as noted in the wave 1 p' = 0 experiment. Similar to the 

previous experiments, the change to wave 2 relaxation had little effect on the 500-m winds 

(results not shown). 

Figure 5.15 displays the 13-day rainfall and 5 July rainfall for the wave 2 w = 0 

simulation. The maximum in the 13-day total in southeast Iowa (Figure 5.15a) has 

increased to 33.2 cm; otherwise little change is seen between this and the previous 

experiments involving wave relaxation. What little precipitation was generated in Kansas 

in the earlier w = 0 cases is now isolated to northeast Kansas and scattered across 

Missouri. For 5 July, the trend for the wave relaxation on the w = 0 cases has been to 

decrease the precipitation in Wisconsin. Figure 5.15b shows that virtually no rain was 

generated in Wisconsin on 5 July from the wave 2 w = 0 experiment. 

Whereas the wave relaxation on the p' = 0 cases has increased the dominance of 

the diurnal rainfall to the 0000 to 0600 UTC time block, Figure 5.16 shows that the wave 2 
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w = 0 experiment sustains the w = 0 trend to be more equal over the four 6-h time blocks. 

To summarize, the wave relaxation on the p' = 0 upper boundary condition 

experiments tended to decrease the maximum 13-day rainfall total in Iowa and especially 

Illinois. Until the wave 2 relaxation was employed, the response in Kansas was slight but 

favorable, in that some precipitation was generated in areas that were otherwise dry. 

However, the underprediction of precipitation in Minnesota, the Dakotas, Nebraska, and 

Kansas was not remedied. For 5 July, the predicted rainfall increased with the 

implementation of wave 0 relaxation, then decreased steadily with the addition of wave 1 

and wave 2, and the location remained unchanged. The lack of response by the 500-m 

wind field is not surprising because the spectral relaxation is applied above 3 km. What 

little changes were seen were likely driven by the changes in the precipitation generated by 

the LAM. 

The spectral relaxation on the w = 0 upper boundary condition cases tended to 

decrease the 13-day rainfall totals in Iowa and Illinois, but only until the wave 2 relaxation 

was implemented. An additional trend with the w = 0 experiments was that as the 

wavenumber relaxation was increased, the 13-day maximum migrated from northern 

Illinois to southeast Iowa. The spectral relaxation on the w = 0 cases had a stronger effect 

on the 5 July 24-hour rainfall than it did in the p = 0 cases. 



CHAPTER 6 

ATMOSPHERIC WATER FLUXES 

The purpose of this chapter is to describe the sensitivity of simulated area-averaged 

precipitation and meridional water vapor transport to boundary conditions discussed in 

earlier chapters. Paegle et al. (1996) diagnosed the contributions of local surface 

evaporation to the 1993 summer rains and that due to a northward flux of atmospheric 

water vapor into the flood region. They concluded that the atmospheric transport was 

substantially larger than local surface evaporation. It was inferred that surface effects on 

the strength of the LLJ and on the resultant poleward flux of water vapor were more 

important to the rainfall than the positive feedback of locally enhanced surface evaporation. 

The conclusion was supported by a series of controlled experiments with the Utah 

LAM in which reduced surface evaporation over the Southern Plains resulted in more 

rainfall over the flood region. Conditions of lower surface evaporation produced stronger 

buoyancy forcing of the southerly LLJ and increased horizontal flux of water vapor 

sufficiently to overcompensate for the reduced surface input of surface evaporation. 

That explanation is made more plausible by Fig. 7 of Paegle et al. (1996) which 

shows that the northward flux of water vapor into the flood region is much larger than the 

precipitation rate over the flood region. They consequently conclude that "modifications of 

surface evaporation apparently are relatively more important in changing the buoyancy and 

resulting LLJ strength than they are in providing additional moisture to the already plentiful 

moisture influx from the Gulf of Mexico." Those simulations, however, underestimate the 
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precipitation and do not explore precipitation and atmospheric moisture transport 

dependency upon boundary conditions explored in the last two chapters. 

Figure 6.1 presents results similar to those shown in Figs. 7 and 1 la of Paegle et al 

(1996) for the first three experiments in Chapter 4. The left panels of this figure show the 

time variation of the forecast precipitation (open circles), influx of atmospheric water vapor 

through the south boundary (closed circles), and surface evaporation averaged over a 

region extending from 33°N to 45°N and 85.5°W to 120°W. This domain (illustrated by 

the solid box in the top right panel of Fig. 6.1) covers most of the flood region. The influx 

of atmospheric water vapor through the south boundary has been divided by the area of this 

domain and converted to units of cm day-1 to provide a measure of the potential 

precipitation that could have been supported entirely through atmospheric transport of water 

vapor through 33°N. 

The atmospheric influx is substantially larger than either the area-averaged surface 

evaporation or the rainfall in each of the three experiments. This supports the inference that 

dynamical controls on the release of the already plentiful moisture supply may have been 

more critical to the floods than the positive feedback of increased surface evaporation. Mo 

et al. (1995) and Paegle et al. (1996) suggest that enhanced synoptic-scale cyclone activity 

and stronger LLJ activity may have provided the necessary dynamical modulation. 

The right-hand panels of Figure 6.1 display the vertically integrated meridional 

moisture fluxes averaged over the 13-day period, for the first three experiments of Chapter 

4. Each experiment displays a pronounced southwest-to-northeast-oriented band of 

poleward moisture transport, aligned approximately with the LLJ. The pattern is similar to 

that recently documented for different reanalyses climatologies summarized by Higgins et al 

(1996) as displayed in their Fig. 9. The presently computed fluxes are stronger than found 

by Higgins et al (1996) because the present period has more persistent cyclonic activity 

over the Rockies than found in the climatology. 
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Jun        Jul 
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Figure 6.1. Panels (a), (c), and (e) show the area averaged rainfall (open circles) and 
evaporation (solid line) in the subdomain, and the vertically integrated meridional moisture 
flux (closed circles) through 33°N of the subdomain, at 6-h periods over the 13 days (units 
are cm day'l). Panels (b), (d), and (f) show the vertically integrated meridional moisture 
flux averaged over the 13-day period (units are 10 kg m s~l), and the area of the 
subdomain . Panels (a) and (b), (c) and (d), and (e) and (f), are for the p' = 0, K-D, and 
w = 0 experiments, respectively. 
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The peak meridional fluxes range from about 75 units for the case of the p' = 0 

upper boundary condition (panel b of Figure 6.1) to about 45 units for the case of the 

w = 0 upper boundary conditions (panel f of Figure 6.1). The resultant 30% discrepancy 

is similar to that found by Higgins et al. (1996) between NCEP and NASA reanalyses after 

comparison of peak vector magnitudes in their Figs. 9 and 10. It is interesting to note that 

the largest discrepancies between the NCEP and NASA reanalyses occur along the axis of 

the LLJ. 

Panels a and b of Figure 6.2 show the 13-day average of the vertically integrated 

meridional moisture flux as forecast/analyzed by the NGM and NCEP reanalysis models, 

respectively. The meridional flux is shown to be weaker than that from the Utah LAM 

simulations performed in this research and is consistent with the weaker LLJ shown in 

Chapter 3 (Figures 3.8 and 3.9). 

Figure 6.3 presents results similar to those shown in Figure 6.1 for simulations 

using the NCEP reanalysis boundary conditions, as explained in Chapter 5. As previously 

mentioned, these experiments produce less rainfall and slightly weaker northerly LLJs and 

moisture transports than their NGM-driven counterparts in Figure 6.1. 

Figures 6.4, 6.5, and 6.6 present results analogous for those shown in Figure 6.3, 

using the NGM boundary conditions and relaxation of waves 0, 1 and 2, respectively. 

These experiments produce less rainfall and slightly weaker northward moisture fluxes than 

results shown in corresponding experiments in Figure 6.1 that lacked spectral relaxation. 

The diurnal modulation of evaporation is clearly evident in each of the evaporation 

curves of Figures 6.1 and 6.3-6.6. These are virtually identical in each of these 

experiments because the evaporation values are estimates from the NCEP operational global 

analysis for June 1993. Nighttime is identified as the time of zero evaporation. It is 

interesting to note that most experiments display more nocturnal rainfall peaks than daytime 

peaks, consistent with the notion that increased moisture availability due to the increased 
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0  1  2 3 4 5  6  7 8 9 10 11 12 13 
27 28 29 30 1  2 3 4 5 6 7 8 9 
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Figure 6.3. Panels (a) and (c) show the area averaged rainfall (open circles) and 
evaporation (solid line) in the subdomain, and the vertically integrated meridional moisture 
flux (closed circles) through 33°N of the subdomain, every 6 h over the 13 days (units are 
cm day"1). Panels (b) and (d) show the vertically integrated meridional moisture flux 
averaged over the 13-day period (units are 10 kg m s"1), and the area of the subdomain. 
Panels (a) and (b) are for the reanalysis p' = 0 experiment and panels (c) and (d) are for the 
reanalysis w = 0 experiment. Units are cm day"1. 
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Figure 6.4. Panels (a) and (c) show the area averaged rainfall (open circles) and 
evaporation (solid line) in the subdomain, and the vertically integrated meridional moisture 
flux (closed circles) through 33°N of the subdomain, every 6 h over the 13 days (units are 
cm day"1). Panels (b) and (d) show the vertically integrated meridional moisture flux 
averaged over the 13-day period (units are 10 kg m s"1), and the area of the subdomain. 
Panels (a) and (b) are for the wave 0 p' = 0 experiment and panels (c) and (d) are for the 
wave 0 w = 0 experiment. Units are cm dayl. 
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Wave 1 p'=0 
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Figure 6.5. Panels (a) and (c) show the area averaged rainfall (open circles) and 
evaporation (solid line) in the subdomain, and the vertically integrated meridional moisture 
flux (closed circles) through 33°N of the subdomain, every 6 h over the 13 days (units are 
cm day-1). Panels (b) and (d) show the vertically integrated meridional moisture flux 
averaged over the 13-day period (units are 10 kg m s-1), and the area of the subdomain. 
Panels (a) and (b) are for the wave 1 // = 0 experiment and panels (c) and (d) are for the 
wave 1 w = 0 experiment. Units are cm day"*. 
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Figure 6.6. Panels (a) and (c) show the area averaged rainfall (open circles) and 
evaporation (solid line) in the subdomain, and the vertically integrated meridional moisture 
flux (closed circles) through 33°N of the subdomain, every 6 h over the 13 days (units are 
cm day'l). Panels (b) and (d) show the vertically integrated meridional moisture flux 
averaged over the 13-day period (units are 10 kg m s~*), and the area of the subdomain. 
Panels (a) and (b) are for the wave 2 p' = 0 experiment and panels (c) and (d) are for the 
wave 2 w = 0 experiment. Units are cm day"*. 
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nocturnal southerly jet and its enhanced nocturnal convergence downwind of the jet core 

tend to control the precipitation timing. 

The experiment which is most similar to the simulations presented in Paegle et al. 

(1996) corresponds to the lower two panels of Figure 6.6. This experiment evidently 

produces substantially less rainfall and somewhat weaker northward moisture fluxes than 

some of the prior experiments. However, in all cases the northward atmospheric moisture 

transport toward the flood region is substantially larger than either the flood-area-averaged 

rainfall or evaporation. 

The top three rows of column 1 in Table 6.1 summarize area-averaged precipitation 

as obtained from station precipitation and the GrADS software, from gridded station data, 

and from the NCEP reanalysis precipitation for the flood region situated within the boxed 

subdomain displayed in the top right panel of Figure 6.1. The reanalysis precipitation is 

approximately 30%-40% larger than the observed estimates. The other rows of the first 

column represent the area-averaged precipitation as simulated by various experiments 

described in Chapters 4 and 5. All of these are smaller than observed, with the best 

simulations being the p' = 0 and K-D experiments with no wave relaxation or only 

relaxation of wave number zero. These experiments produce rainfall averages that are 

about 30%-40% too low. The worst experiments are the wave relaxation experiments 

using the w = 0 upper boundary condition. These produced only about 25% of the 

observed area-averaged precipitation. 

The last two rows of Table 6.1 present results for two additional experiments which 

were not described in earlier sections. These experiments are identical to the unrelaxed 

experiments using the p = 0 and w = 0 upper boundary conditions (rows 5 and 7 of Table 

6.1). In these cases, however, certain treatments of the moisture variables are modified. 

In particular, the spectral filtering of waves of length two to four grid intervals (used in all 

other experiments) has been removed; the horizontal diffusion coefficient for the 

predictive equation of water substance has diminished to 10% of its prior value; and the 
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Table 6.1 Area averaged precipitation, area averaged evaporation, vertically integrated 
meridional moisture flux through the southern boundary of the subdomain, and flux 
divergence in the subdomain, averaged over the 13-day period 27 June to 10 July. The 
subdomain is 33°N to 45°N, 85°W to 102°W, as shown by the box in Figure 6.1b. Units 
are cm day 1- 

Precipitation 
cm day 1 

Evaporation 
cm day 1 

Meridional 
Flux 

cm day 1 

Flux 
Divergence 
cm day 1 

Observations Station 
Precipitation 

0.47 

Gridded 
Station Data 

0.54 

Model 
forecast/ 
analyses 

Reanalysis 0.69 1.68 -0.30 

NGM 2.29 -0.33 
Experiments p' = 0 0.36 0.21 3.22 -0.26 

K-D 0.32 0.21 2.70 -0.09 

w = 0 0.16 0.21 2.89 0.04 

Reanalysis 
p' = 0 

0.17 0.21 2.84 -0.02 

Reanalysis 
w = 0 

0.10 0.21 2.65 0.13 

Wave 0 p = 0 0.33 0.21 2.71 -0.25 

Wave 0 w = 0 0.11 0.21 2.26 0.10 

Wave l/ = 0 0.27 0.21 2.64 -0.22 

Wave 1 w = 0 0.12 0.21 2.28 0.11 

Wave 2 p' = 0 0.28 0.21 2.67 -0.22 

Wave 2 w = 0 0.13 0.21 2.37 0.08 

P' = 0,NGM, 
no relaxation, no 
q filter, weak 
diffusion, 95 % 
RH. 

0.44 0.21 2.93 -0.06 

w> = 0,NGM, 
no relaxation, no 
q filter, weak 
diffusion, 95% 
RH. 

0.24 0.21 2.86 -0.47 
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criterion defining grid square condensation has been reduced from 100% to 95%. 

These modifications allow a more nearly conservative prediction of water vapor and 

permit local condensation within a grid square before the entire square is saturated. They 

thus constitute conditions that are commonly used in other simulations which pay special 

attention to conservation of water substance and allow for subgrid variability of 

condensation. It is noteworthy that these changes double the amount of precipitation 

produced by the w = 0 boundary condition for the wave-nudged cases, and increase it by 

50% with respect to values produced by the w=0 upper boundary condition for the un- 

relaxed cases. 

The second column of Table 6.1 presents the area and time-averaged evaporation 

over the flood subdomain, the third column presents the average simulated meridional 

moisture flux through its south boundary expressed in units of cm day"! as in the 

curves of Figures 6.1 and 6.3-6.6, and the last column represents the flux divergence 

within the subdomain (also in cm day"1). The moisture fluxes vary from 1.68 cm day"1 

for the NCEP reanalysis to almost twice this for the simulation using p' = 0 upper 

boundary conditions and no wave relaxation. In comparison, the NGM analysis and 6-h 

forecast archive produce a value of 1.97 cm day-1. The large discrepancies in moisture 

fluxes are consistent with those found in prior reanalysis intercomparisons by Higgins et 

al. (1996) and in other data archives by Wang and Paegle (1996). 

Column 1 of Table 6.1 provided estimates of time and area-averaged precipitation in 

the Upper Mississippi River Basin. Although these values can be used to assess the model 

performance over the 13-day period, they do not distinguish whether or not the Utah LAM 

captured the daily variation of the precipitation events. Figure 6.7 illustrates that the Utah 

LAM showed little success in predicting the periods of heavier rainfall. Panel a displays 

the time series of area-averaged rainfall (cm day"1), within the subdomain outlined in 

Figure 6.1b, from the CPC-gridded station data (closed circles) and the Utah LAM forecast 

from the p = 0 experiment (open circles). Panel b shows the same CPC-gridded station 
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p'=0, NGM, no relaxation, no q filter, weak diffusion, 95% RH 

Figure 6.7. Time series of area averaged precipitation in subdomain bounded by 33°N, 
45°N, 85.5°W, and 102°W (cm day"1) plotted every 6 h from 0600 UTC 27 June to 0600 
UTC 10 July, 1993. All three panels show the CPC-gridded station data (closed circles) 
plotted with the Utah LAM output from one simulation. Open circles in (a) p' = 0 
experiment, (b) wave 2 p' = 0 experiment, and (c) p' = 0, NGM, no relaxation, no q 
filter, weak diffusion, 95% RH experiment. 
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data (closed circles) and the wave 2 p' = 0 experiment results (open circles), and panel c 

shows the results from the additional p' = 0 experiment (not described in detail) with the 

modified moisture variable treatment. These three cases show little change in the day-to- 

day variation of precipitation. The timing of the relative peaks is similar among these three 

simulations, but the magnitudes show a greater difference. 



CHAPTER 7 

CONCLUSIONS 

The goals of this investigation have been to describe the sensitivity of the Utah 

LAM to specification of upper and lateral boundary conditions. The emphasis is upon 

recently developed upper boundary and lateral boundary conditions, whose impacts have 

been previously examined only in limited individual case studies. The approach used 

NCEP analysis and model guidance to provide initial data and upper and lateral boundary 

conditions for the Utah LAM. The upper boundary conditions included the commonly 

used p' = 0 specification, as well as gravity wave transmitting conditions proposed by 

Klemp and Durran (1983) and rigid lid 0 = 0) specifications that are extensions of 

methods suggested by Innocentini et al. (1993). 

The validation procedures emphasized a 13-day period during the summer 1993 

Mississippi River Basin floods. Model simulations of total rainfall and rainfall during one 

particularly wet event were compared to observed rainfall and rainfall analyzed by other 

analysis methods. More detailed verification statistics such as threat scores were not 

computed because the level of model skill was obviously too low to justify such an effort. 

All model forecasts produced a wet region centered approximately on Iowa and dry areas 

south and west of this region. The observations show heavy rainfall over Iowa and also 

indicate heavy rain to the southwest of Iowa over parts of Nebraska, Kansas, and 

Oklahoma. The Utah LAM underforecast precipitation in these regions, where the NCEP 

reanalysis rainfall was in better agreement with observations. 
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The Utah LAM was able to resolve a relatively drier tongue extending over 

Kentucky and Tennessee and another wet region over the southeast, in approximate 

agreement with observed rainfall patterns. The details of these structures and the rainfall 

magnitudes over Iowa depend relatively upon the specification of boundary conditions, as 

summarized below. In some simulations these patterns were in closer agreement with 

observations than were the NCEP reanalyses which missed the drier tongue over Kentucky 

and Tennessee. 

The model displays substantial sensitivity to specification of upper boundary 

conditions. Both the p' = 0 and the K-D upper boundary conditions overestimated rainfall 

over Iowa whereas the closed upper boundary condition of Innocentini et al. (1993) 

underestimated rainfall over Iowa and reduced the region of heavy rainfall compared to the 

other simulations. This may explain the relatively small region of rainfall in the flood 

simulations of Paegle et al. (1996). 

The Utah LAM displays substantial sensitivity to the outer model used to provide 

initial and boundary conditions. The best simulations of rainfall were driven by NGM 

analyses and 6-h forecasts together with the p = 0 upper boundary conditions. These 

simulations produced substantially more rain over the southeast than did the Utah LAM 

driven by reanalysis boundary conditions. 

Spectral relaxation produced smaller modifications than those due to changes of the 

outer model (NGM or reanalysis) or due to the type of upper boundary condition. It 

appears that p' = 0 and K-D upper boundary conditions produce excessive rainfall over 

some portions of the domain, whereas the w = 0 upper boundary condition underestimates 

the rainfall in most regions. The w = 0 upper boundary condition produces the most 

economical forecasts, because these can be executed with a longer time step and also appear 

to be the most stable upper boundary conditions. It is not surprising that w = 0 upper 

boundary conditions produce the least rainfall, because they most strongly limit the vertical 

extent of the rising motion. 
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It would be useful to determine whether the unrealistically small precipitation in this 

case is due to the relatively low position (14.5 km) of the upper boundary. Ciliberti 

(unpublished master's thesis draft) finds that for shorter term winter conditions this 

boundary condition produces similar precipitation as the p' = 0 and K-D boundary 

conditions. Winter precipitation events are usually more shallow than summertime cases. 

Another potential deficiency is that the present version of the w = 0 upper boundary 

condition is applied in the terrain following model coordinate, rather than in the customary 

z coordinate. Consequently the model wind at the upper boundary is constrained to flow 

parallel to this surface, implying a topographic "wedging" effect at the level of the upper 

boundary. It would be useful to explore ways to generalize this boundary condition so that 

it applies to vertical velocity with respect to the regular z coordinate. Finally, precipitation 

forecasts are known to be sensitive to a variety of physical processes which are highly 

parameterized in the present model. Future research should continue to examine the 

sensitivity of the Utah LAM precipitation forecasts to these processes, which were shown 

to substantially influence the precipitation in the w = 0 upper boundary case in Chapter 6. 

It would also be useful to examine the model simulated LLJ, which appears to be 

too strong. Unfortunately, available radiosonde guidance is insufficient to compare with 

the 500 m wind field predicted by the model. The observed Great Plains LLJ is most active 

around local midnight, or slightly later, at times lacking radiosonde observations. Future 

research should compare the model forecasts against the demonstration profiler 

observations which became available in 1993. 

Although the simulations are quite sensitive to boundary conditions and other 

uncertainties, all of these are consistent with earlier conclusions by Mo et al. (1995) and 

Paegle et al. (1996) in regard to the dominant role of enhanced atmospheric moisture 

transports during the 1993 floods. 
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